We have measured the low frequency critical current noise in Nb/AlO x /Nb Josephson junctions.
There has been a renewed interest in understanding the ubiquitous 1/f fluctuations in the critical current and resistance in Josephson junctions. This is motivated in part by the intense effort to reduce the noise-induced decoherence in a variety of qubits based on these junctions. The dominant model for these fluctuations is a collection of two level fluctuators (TLFs) in the oxide barriers of the junction that randomly and independently switch on and off the conductivity and supercurrent in small localized areas of the junction. This model [1] gives rise to the expectation that the normalized spectral density of the critical current and resistance noise, e.g. S ic ≡ S Ic /I 2 c or S r J ≡ S R J /R 2 J , should be roughly independent of the junction conductivity (or critical current density, J c ) and should scale inversely as the junction area, A. It has been shown that the I c R J product of the junction is unaffected by these fluctuations [1] . Thus the two normalized spectra should be equal.
A survey of critical current fluctuations in Nb junctions from a number of laboratories [2] recently found that this normalized spectral density, scaled to an area A = 1 µm 2 , was indeed roughly constant, had a value of 1.4 · 10 −10 /Hz at 4.2 K and varied with temperatures as T 2 . These results were then explained theoretically [3] . More recently, measurements of resistance fluctuations [4] in submicron Al junctions made using shadow evaporation gave rather different results: the normalized and scaled spectral density was nearly three orders of magnitude smaller at 4.2 K, but varied linearly with temperature from about 100 K to nearly 0.8 K, where it appeared to saturate. It has been suggested [5] that a possible explanation for this is that fluctuations in normal and superconducting junctions arise from different mechanisms. Very recently a prediction has appeared [6] , based on the independent fluctuator model, that these fluctuations should vary linearly with T but should increase as the fifth power of the thickness of the barrier, t b . Since both R J and I c depend exponentially on t b , this implies a small, but potentially detectable, dependence of the normalized spectral density of the fluctuations of these parameters on their values. In this Letter, we present data for the dependencies of these fluctuations on junction area, critical current density and temperature in Josephson junctions fabricated using a well-characterized, very versatile trilayer (Nb/AlO x /Nb) process where the values of the barrier thickness as a function of J c have been accurately determined.
Examples of the normalized noise spectra we observe from our junctions are shown in −12 /Hz, which is about two orders of magnitude less than that commonly seen in other superconducting junctions [2] . We have further verified that the noise is consistent with resistance fluctuations by observing that S 1/f is proportional to I 2 b between 3.7 mV and 6 mV, i.e. S R J is independent of I b , where I b is the total dc current through the junction. Such unshunted junctions are not suitable for a study of the temperature dependence of this noise due to the high power dissipation at the required bias voltage that leads to substantial electron and lattice heating at lower temperatures [7] . Therefore, to extend this work to lower temperatures we fabricated shunt resistors in parallel with the junction to form a non-hysteretic resistively shunted junction (RSJ).
All junctions reported here were fabricated in our laboratory using a process (SAL-EBL) that has been detailed previously [8] . These junction have been shown to be of very high quality and dimensional uniformity. This high quality is also demonstrated by very small subgap leakage currents, e.g. a subgap resistance, measured at 400 mK and 0.5 mV that is over 10 6 R J [8] . For RSJs, the shunt resistors (see Fig. 2 , inset) were designed to minimize their parasitic inductance, e.g. by placing a Nb ground plane under the resistor, while having a sufficient volume and contact area to ensure adequate cooling of both the electrons and the lattice.
To ensure nonhysteretic I-V curves, the resistance of the shunt resistor was selected to give The temperature rise, δT , due to the power, P , dissipated in the resistor can be described
, where k is a constant depending on the material and geometry and T 0 is the substrate temperature. We have measured this heating in resistors having the same design as our shunt resistors by observing the increase in resistor temperature (measured using noise thermometry) as a function of P over the range of temperatures used. These data are shown in Fig. 2 for temperatures ranging from 0.35 K through 0.7 K. As one can see, the assumed fitting functions with n = 4.1 ± 0.1, which is consistent with lattice heating [7] , and k = 22.5 · 10 −3 ± 0.9 (K n /nW) provide good descriptions of the temperature increase, and can be used to provide heating corrections to the data if needed.
The noise spectra for the RSJs were generally measured at an input power of about 1 nW.
For this low power, heating makes a significant, though small, correction to the temperature of the RSJs at the lowest temperatures in the measurement.
The junctions were cooled using a 3 He refrigerator having a base temperature of 350 mK.
Filtering at room temperature and 4.2 K along with battery powered amplifiers and bias current sources were used to isolate the junctions from electronic noise. This filtering, along with the bridge measurement circuit reduced the bias current noise to levels too low to be detected. The upper arms of the bridge are ∼ 1 kΩ resistors anchored at 4.2 K. The lower arms consist of the sample along with a matched balancing resistor, R bal . This balancing resistor was either a metal film resistor attached to the chip carrier in the case of unshunted junctions, or, for RSJs, an on-chip resistor of the same design as the junction shunt resistor, R sh (see Fig. 2 inset) . The SQUID null detector had a noise limit of 0.5 pA 2 /Hz above 10
Hz and a 1/f knee at 1 Hz when directly connected to the bridge.
The noise spectra from the RSJs could also be fit to the sum of white noise plus 1/f noise. In general, the values of these two quantities were anomalous at higher voltages where clear resonances were observed. These behaviors can be seen in the inset of Fig. 3, which shows the dynamic resistance along with S A recent analysis of critical current noise due to TLFs in the junction barrier [6] predicts that this noise is given by S s ic ∼ (T /f )t 5 b , i.e. it increases as the fifth power of the junction barrier thickness, t b . The solid line in Fig. 3 shows the best fit to this equation using the proportionality constant as the fitting parameter. This proportionality constant contains the density of states of the TLFs, which is therefore assumed to be independent of J c . We have previously done careful comparisons of the dependencies of both J c and t b on oxidation parameters [9] , which allows us to accurately determine the barrier thickness corresponding to a given J c . While the predicted variation of S s ic on t b is not seen, we must note that there is no independent measure of the density of TLFs. There is some reason to suspect that this density is increasing with J c , since for J c > 5 kA/cm 2 it is well known that barrier leakage increases significantly [10] .
In summary, we have measured 1/f fluctuations in the critical current and resistance of
Josephson junctions and observed their dependence on junction area, critical current density and temperature. We find that S Ic scales linearly with temperature, without saturation, down to the lowest temperature measured (0.46 K). In addition, S 
